Abstract. This letter presents a non-probabilistic interval-based calculation method for antenna performance evaluation. After the interval function of antenna far field pattern is given, the interval calculation process for complex exponential is deduced. Then the power pattern function affected by distortion errors is derived in accordance with interval operation rules. The method is applied to an 8-meter antenna as a numerical example.
Introduction
Due to the inevitable errors of antennas structural parameters in manufacturing and assembly, an antenna always works in a distorted condition deviated from its nominal condition. These errors will deteriorate antennas' performance. During the design phase, the traditional methods employ the worst condition (e.g. the largest structural errors) to validate the antenna designs. However, these methods may not obtain the worst performance of an antenna because the largest structural errors do not always correspond to the worst performance. There are also some works predicting antenna's performance by treating structural errors as uncertain quantities that follow a few certain probabilistic distributions. For example, Refs. [1, 2] studied the effect of surface uniform and heterogeneous errors with the Normal distribution on power pattern function, and gave the relation between heterogeneous random errors and axial gain loss. Ref. [3] analyzed the effect of surface errors following the Gaussian distribution on average power pattern with numerical algorithm. Refs. [4, 5, 6] proposed methods to analyze the effect of system errors with the Gaussian distribution on reflector antenna performance. Ref. [7, 8, 9] studied the effects of surface errors following the chi-square/Rayleigh distribution on degradation of antenna side lobes.
Considering that the probabilistic distributions of the uncertain quantities are unavailable in many cases, this letter proposes an interval-based calculation method to determine the variation range of antenna performance by treating antenna structural parameters as interval quantities.
Interval-based Far Field Pattern Involving the Phase Error Intervals
For a reflector antenna, the far field pattern function is given as follows [5] : According to the numerical integration method [6] , we divide the aperture plane into N annular regions, each of which is further divided into M zones (as shown in Fig. 1 ), to numerically solve the integral in Eq. 4. Then the Eq. 4 can be expressed as follows:
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is an interval term and ( , ) n i E is a deterministic term. The computation method of Eq. 5 should be constructed.
Interval-based Power Pattern
As the interval part, ( , )
in Eq. 5 can be expressed in the trigonometric form as
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As a deterministic part of Eq. 5, ( , ) n i E can be expressed as follows:
. According to the interval operation rules [12, 13, 14] , substituting Eq. 9 and Eq. 10 into Eq. 5 yields.
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where It is obvious that the range of the power pattern can be determined as follows:
10 lg , 10 lg 20 lg , 20 lg .
Now the upper and lower bounds of the power pattern can be obtained. The range could involve all the power patterns affected by different surface distortions.
Numerical Example
The method is applied to a reflector antenna with uncertain-but-bounded structural parameters to demonstrate its effectiveness. 2 shows the finite element model of a reflector antenna structure with 8m aperture and 3.2m focal length. It works at 15GHz and its edge taper is -10dB. The amplitude aperture distribution can be given as A A of the backup frame are shown in Fig. 3 and listed in Table 1 . The uncertain parameters would lead to the variation range of surface distortions. The interval-based power pattern curves under the impact of interval surface errors are shown in Fig. 4. Fig. 5 shows the enlarged view of the central part of Fig. 4 . As shown in the figures, due to the consideration of surface errors with interval forms, the power pattern has its lower and upper bounds. The main beam of the distorted power pattern became wider and the lower and upper bounds of the gain were lower than the undistorted power pattern curve. The lower and upper bounds of sidelobe levels lied under the nominal one, and the fluctuation amplitude and variation ranges of sidelobe levels at the far zones became greater. From Table 2 , the interval values of gain and sidelobe levels in Table 2 could indicate the same conclusions. The gain loss was from 0.36dB to 0.87dB, which was a rather large loss for the antenna performance. The influences of interval errors on the first left sidelobe were about 0.3dB greater than those on the first right sidelobe. To validate the effectiveness of this method, the Monte Carlo method was introduced. The elastic modulus 1 E , 2 E , the thickness of the surface panels T and the cross-sectional areas 1 1 2
A A were considered as the initial uncertain parameters and had the same intervals as shown in the previous part. Thus 1000 examples were generated by uniformed random numbers. According to the examples, 1000 power pattern curves were obtained by conventional GO method. Among all the pattern curves, 100 curves were selected randomly and shown in Fig. 6 . The figure shows that all pattern curves are located in the expected pattern interval. The numerical example suggests that when certain sets of structural tolerance given by antenna designers are considered as interval-based structural errors, the interval-based antenna performance can be achieved. If the performance doesn't satisfy the requirement, designers can modify the design according to the proposed method.
Conclusions
In this letter, an interval-based computation method for rotationally symmetric reflector antenna performance evaluation was proposed. The interval-based relationship between the surface errors and the far field pattern was given. The lower and upper bounds of power pattern can be obtained by applying interval operation rules. The performance variation range of an 8m antenna was calculated to demonstrate the effectiveness of the proposed method. The proposed method can be used as an alternative of probabilistic methods when the distributions of the structural parameters cannot be achieved. Future work will be focused on investigating the different effects on antenna performance caused by different interval-based structural parameters. The method can provide a reference for reflector antenna designers to achieve the optimized design.
